The hand-drawn spiral is a sensitive and specific method of screening for ET. Furthermore, it serves as a valid measure of overall tremor severity.
Introduction
In epidemiological studies, and especially prevalence studies, it is often important to screen large numbers of individuals using methods that are easily introduced into a test battery, rapid to administer, and of diagnostic validity. Among the numerous neurological disorders, essential tremor (ET) is one of the most common [1] [2] [3] [4] . Yet how one best screens populations for ET remains an open question. The collection of a standardized writing sample (e.g., a hand-drawn spiral) is one method that is commonly employed in clinical settings to assess tremor severity [5, 6] and it has recently been adopted into some epidemiological studies [7] . The method has many practical advantages. It is easy to obtain the spirals and their execution requires little time. Indeed, hand-drawn spirals may even be collected from participants by email, facsimile, postal service and other methods, none of which require investigators to travel, thereby saving both time and resources when screening large numbers of people. The question naturally arises then as to the validity of the method. Surprisingly, there are virtually no published data to address this methodological issue.
The primary aims of this study were to assess how well the hand-drawn spiral performs (1) as a screening tool for ET and (2) as a summary measure of tremor severity (i.e., how well does it correlate with the total tremor score)? The knowledge is expected to guide future epidemiological investigations of this common disorder.
ET is a disease that can range considerably in terms of its severity, and cases in the population tend to have milder tremor than those ascertained from clinics [8, 9] . To address the study aims across a broad range of settings, these analyses utilized four distinct patient samples: a population-based study in northern Manhattan [10] , a study of the environmental epidemiology of ET [11] , a family study [12] , and a brain repository [13] ; in total, 831 ET cases were sampled in these four datasets. Two of these studies also included the enrollment of control participants, with a combined sample of 697 controls.
Methods
In two of the four studies, control participants were also available. Participants signed written informed consent approved by the Columbia University Medical Center (CUMC) institutional ethics board. In each study, participants underwent a demographic and medical history and a videotaped tremor examination during which four spirals were hand-drawn (two with dominant hand and two with non-dominant hand).
Population-Based Study in Northern Manhattan
The Washington Heights-Inwood Genetic Study of Essential Tremor (WHIGET) was a family study of ET in the Washington Heights-Inwood community in northern Manhattan, New York. Enrollment was completed in 2000. Enrollees included 106 ET cases (59 probands with ET, 33 of their relatives with ET, and 14 affected relatives of control probands). Enrollees also included probands without ET and their unaffected relatives (n = 268). The design of this population-based study has been described in detail [10, 14, 15] .
Study of the Environmental Epidemiology of ET
388 ET cases were enrolled in a study of the environmental epidemiology of ET; enrollment began in 2000 and ended in 2009 [11] . Cases were derived from two main sources: the Neurological Institute of New York at CUMC and the membership of the International Essential Tremor Foundation (IETF) who lived in the New York metropolitan region. As this was a case-control study, 429 controls (i.e., persons without ET) from the same source population were also enrolled.
Family Study of Essential Tremor
ET probands and their first-and second-degree relatives were enrolled in the Family Study of Essential Tremor (FASET), a genetics study of ET [16, 17] . Participants lived throughout the United States. Based upon a telephone interview with the proband, relatives with ET were identified. The final sample comprised 207 individuals (i.e., 52 probands and 155 relatives), including 160 ET cases, 28 borderline ET cases, and 19 normal [16] .
Essential Tremor Centralized Brain Repository
The Essential Tremor Centralized Brain Repository (ETCBR) is a centralized repository for the prospective collection and study of ET brains [13, 18] . ET cases throughout the United States were recruited as future brain donors through the IETF and other sources. These ET cases were highly selected because many were ascertained through a disease-specific organization and because they self-referred to the brain repository as future brain donors [13, 14] . The large majority of these cases have seen physicians who diagnosed ET [18] . Nine of these were also enrolled in the study of environmental epidemiology of ET.
Medical History, Videotaped Tremor Examination and Diagnostic Confirmation
In each study, the medical history included questions on demographics, medications, and features of tremor, including the question, 'Does your hand usually tremor when you hold a pen or write your name?' The videotaped tremor examination included assessments of postural and kinetic tremors (arms) and head (neck), voice, and jaw tremors. The videotaped examination included one test for postural tremor and five tests for kinetic tremor (e.g., pouring, using spoon, drinking) performed with each arm (12 tests total). The hand-drawn spirals were executed in an identical manner in each study: spirals were drawn freely on a blank, standard 8.5 × 11-inch sheet of paper using a ballpoint pen while the participant was seated at a table. The paper was centered at right angles (horizontally) directly in front of them and held down by their other hand. Participants started at the center of the page, without lifting their pen. They were asked not to rest their writing hand, wrist or arm on the table while drawing.
In each study, a neurologist specializing in movement disorders (E.D.L.) used a reliable [19] and valid [20] clinical rating scale, the WHIGET Tremor Rating Scale, to rate postural and kinetic tremor during each test, including the four hand-drawn spirals: 0 (none), 1 (mild), 2 (moderate), 3 (severe) (see examples in Louis et al. [7] ). In three of the four studies, additional ratings of 0.5 and 1.5 were added for greater precision, with the rating 1.5 indicating tremor that was of moderate amplitude and clearly oscillatory but only sometimes of moderate amplitude (e.g., see fig. 3 in Louis et al. [7] ). Each participant thus had four hand-drawn spirals ratings (range for each = 0-3) and a total tremor score (range = 0-36), which is an assessment of postural and kinetic tremor in the arms during 12 tests [11] .
In each study, the enrollment diagnosis of ET was reassessed (E.D.L.) based on the history and videotaped examination. All ET cases included in these analyses met published, reliable criteria for ET (moderate or greater amplitude kinetic tremor of the arms (rating ≥ 2) during at least three tasks or head tremor, in the absence of Parkinson's disease, dystonia or another cause) [15, 19, 21] . 
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Statistical Analyses
Data on each of the four case samples were analyzed separately in SPSS (Version 22). Sensitivity was the proportion of ET cases whose hand-drawn spiral rating was above a specified severity cutoff (e.g., a tremor rating ≥ 1.5). Specificity was the proportion of controls whose hand-drawn spiral rating was below a specified severity cut-off. Spiral ratings were not normally distributed; therefore, to assess the association between spiral ratings and total tremor score, a non-parametric approach (Spearman's correlations) was used.
Results
There were four ET case samples, which by design differed from one another, and which sampled a broad range of ET cases. On one end of the spectrum was the populationbased sample, in which tremor severity and duration were the least, and on the other end of the spectrum was the brain repository, in which tremor severity and duration were the greatest. Participant characteristics are shown ( table 1 ) .
The proportion of cases with hand-drawn spiral ratings ≥ 2 was lowest in the population-based study, highest in the brain repository, and intermediate in the other two studies ( table 2 ) .
The proportion of cases with hand-drawn spiral ratings ≥ 2 in the dominant arm ranged from as low as 29.9% (population-based study) to as high as 80.1% (brain repository); by contrast, 0.0-3.0% of controls had spirals with tremor of that severity ( table 2 ). The proportion of cases with a hand-drawn spiral rating ≥ 2 in either arm ranged from 50.5-89.1%; by contrast, 0.0-6.7% of controls had spirals with tremor of that severity in either arm ( table 2 ) . The proportion of cases with hand-drawn spiral ratings ≥ 2 in both arms ranged from as low as 25.5% (populationbased study) to as high as 69.1% (brain repository); by contrast, 0.0-0.4% of controls had spirals with tremor of that severity in both arms ( table 2 ) . Lowering the severity cutoff improved the results. For example, the proportion of cases with hand-drawn spiral ratings ≥ 1.5 in either arm reached values of 93.6 and 97.0% in two of the ET case samples, compared with 4.7% of controls ( table 2 ) .
A sub-analysis was performed that excluded ET cases who were taking ET medication. In the largest sample (i.e., the study of environmental epidemiology), handdrawn spiral data were available on 178 of such cases. The proportion of these cases with hand-drawn spiral ratings ≥ 1.5 in either arm was 120/178 (67.4%); this value was 11.4% lower than that obtained in the entire sample of 386 cases (78.8%). These data suggest that un-medicated ET cases have tremor that is slightly less severe, and that the sensitivity of the hand-drawn spiral is slightly diminished as a result.
The hand-drawn spiral performed well as a measure of tremor that was representative of the total tremor score. In cases, the hand-drawn spiral (dominant arm) correlated highly with the total tremor score (Spearman's r = 0.66-0.70, p < 0.001). In controls, the same correlation remained highly significant, although was slightly less robust (Spearman's r = 0.45-0.52, p < 0.001). All values are means ± standard deviations or numbers (percentages).
In the population-based study in northern Manhattan and the study of the environmental epidemiology of ET, the data in the upper box is from cases and the data in the lower box is from controls. NAv = Not available; NAp = not applicable. The proportion of cases who answered 'yes' to the question 'Does your hand usually tremor when you hold a pen or write your name?' ranged from 40.6% (population-based study) to 90.3% (brain repository), with the number of such controls only being 1.2-3.7% ( table 2 ) . Hence, as a screening tool, the question was less slightly sensitive than the presence of a rating ≥ 1.5 on the handdrawn spiral in either arm ( table 2 ) .
Discussion
In the current study, the performance of the handdrawn spiral as a screening tool for ET depended somewhat on the sample of cases being studied and the cut-offs being employed for sensitivity and specificity. In general, the test was less sensitive in the population-based sample and less sensitive when the requirement was that a trem- Values are proportions (percentage). In some controls, data are missing. 1 The proportions in this row (p) may be converted to specificities by using the formula specificity = 100 -p. 2 Tremor rating = 1.5 was not assigned in this study protocol. 3 Spearman's correlation coefficient, p value. Values are proportions (percentage). In some cases, data are missing. 1 The data in this row may be considered a measure of sensitivity of the test. 2 Tremor rating = 1.5 was not assigned in this study protocol. 3 Spearman's correlation coefficient, p value. or rating ≥ 2 had to be present in both arms. Further lowering the requirement to a tremor rating that was ≥ 1.5 (i.e., tremor that was of moderate amplitude and clearly oscillatory but only sometimes of moderate amplitude) in either arm increased the sensitivity without affecting specificity, with sensitivity ranging from 78.8-97.0% and specificity being 95.3% (i.e., 4.7% of controls had a spiral rating of this magnitude; table 2 ). The spiral correlated well with a global measure of tremor severity (i.e., the total tremor score) and it outperformed the screening question 'Does your hand usually tremor when you hold a pen or write your name?', although not by a large amount ( table 2 ). Despite its usage as a screening tool in ET, there are few published data on the validity of the hand-drawn spiral in ET. One cross-sectional study of several thousand people participating in a genetics study in Europe asked participants to draw one Archimedes spiral with the dominant arm [22] . The spiral was then rated using a 0-10 point scale [5, 6] . A positive screen was a score >4 [22] , which is equivalent to a WHIGET rating of approximately 1.5-2. In that study, the spiral had a sensitivity of 52.6% and a specificity of 75.5% [22] . There are no other data.
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Using the presented data, one may make several recommendations for investigators. A rating ≥ 1.5 (tremor that was of moderate amplitude and clearly oscillatory but only sometimes of moderate amplitude) in either arm achieved a moderate-to-high sensitivity ranging from 78.8-97.0% and a high specificity of 95.3%; this seemed to be the method that achieved the best results ( table 2 ). A major caveat, which investigators should consider in their study design, is that the validity of the test varies depending on the cohort under study ( table 2 ).
The test, while valid, did not perform much better than the screening question ('Does your hand usually tremor when you hold a pen or write your name?') in several settings, although in others (e.g., the population), the sensitivity of the screening question was only 40.6%, whereas a hand-drawn spiral rating ≥ 2 in either arm was noted in 69.8% of ET cases. Furthermore, the self-report of tremor often did not correctly identify those individuals who actually had tremor on examination. For example, in the study of the environmental epidemiology of ET, 25/82 (30.5%) cases who answered 'no' to the screening question had a tremor rating ≥ 1.5 in their dominant arm. Conversely, 38/304 (12.5%) cases who answered 'yes' to the screening question had no or minimal tremor in their dominant arm (i.e., rating ≤ 0.5).
These results should be interpreted in the context of the following limitation. The specificity of this test was assessed in the setting several large samples of control participants. It was not assessed in samples of Parkinson's disease or dystonia cases ascertained from a movement disorders clinic; hence, the utility of this test has not been tested in that specific context. This being said, the context that was assessed, in which the utility of this test was examined in population-based samples of normal controls, is of greatest interest for epidemiological studies. In such settings, the prevalence of both Parkinson's disease and dystonia is very low ( ≤ 1.5%), so the more important distinction is between ET and normal controls [23] [24] [25] . Moreover, the need for a brief screening tool in the setting of a movement disorders clinic is negligible as one can perform a detailed examination on patients in that context.
The study had several strengths. First, an identical evaluation (i.e., the same task) was performed on nearly 1,500 persons. Tremor was rated using a reliable and valid rating scale by the same senior movement disorder neurologist; hence, there was no loss of precision due to poor inter-rater reliability. Third, these issues were assessed across four study settings in order to sample the broadest range of ET cases possible; in addition, in two of the studies, a control sample was enrolled.
In summary, the hand-drawn spiral is a sensitive and specific method of diagnosing ET. Furthermore, it serves as a valid measure of overall tremor severity.
